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In the current study, the relation between the psychrometry working upon the thermo-
dynamic analysis of humid air and drying at a timber dryer was investigated. In order to
bring the air to suitable drying conditions, an air conditioner unit was used and the mass
change of the unit with energy was analyzed. In the psychrometric analysis of the timber
dryer with a heat pump, the pine and poplar timber were used. The mass change in the
timber was followed with a load cell. At the end of the analysis, the amounts of humidity
vaporized and intensified at the timber after drying were compared. Depending on these
values, 5.7 kg humidity was taken from the pine timber at the end of 50 h, and 12.5 kg
from the poplar timber at the end of 70 h.
& 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY license.1. Introduction
Drying is known to be the removal of water from products to be dried. It is the oldest and a very significant method; for that
reason, different types of studies have been carried out in the literature up to now. Singh [1] studied the thin layer silk cocoon
drying in a forced convection type solar dryer. In this dryer, hot air was generated in the solar heater and forced to the drying
chamber. The drying air temperature was about 50–75 1C. Midilli and Kucuk [2] performed energy and exergy analyses for
shelled and unshelled pistachios using a cabinet type solar dryer. Anderson and Westerlund [3] investigated and improved
sawmill drying system. Heat and electricity consumptions were analyzed with different technologies. At the end of the study
they found significant decrease at the heat and electricity consumptions. Mohannaj and Chandersalar [4] designed and
experimentally analyzed a forced convection solar dryer to dry copra under the Indian climatic condition. In a study by Doymaz
[5], thin layer drying act of mint leaves was determined to be about 35–60 1C. It is clear that when air temperature increases,
drying time reduces. Janjai et al. [6] performed a thin layer drying of peeled litchi and controlled the system and the relative
humidity. In this research, eight different models were fitted to the experimental data. At the end of the study, optimum drying
temperatures were determined as 50–70 1C. In a study by Nikbakht et al. [7], thin layer drying of sour pomegranate arils was
performed with a microwave treatment. Variant air temperature and air velocity were tested in this system. While energy
utilization increased with time, exergy efficiency decreased. Zhani et al. [8] designed and experimentally analyzed a new solar
water desalination with a humidification–dehumidification method. The system was located at the National School of
Engineering of Sfax, Tunisia. Angrisani et al. [9] experimentally analyzed on the dehumidification and thermal performance of
a desiccant wheel. They investigated performance effect of regeneration temperature versus regeneration air flow. At the end of
the study they found that higher influence is due to regeneration temperature than to regeneration air flow.
In previous papers [10,11] authors investigated energy–exergy and ANN analyses of this experimental system. After this
experience, psychometric analyses were applied to pine and poplar drying in the current study.er Ltd.
on,
an@karabuk.edu.tr (I. Ceylan).
Open access under CC BY license.
Nomenclature
ANN artificial neural network
RH relative fumidity (%)
SH, ω specific humidity
_m mass flow rate (kg s1)
h enthalpy (kJ kg1)
T temperature (1C)
_EW evaporated water (kg s1)
_QDC delivered condenser (kJ s
1)
hdt drying time (h)
IL air conditioner infiltration loss (kg s1)
Cp specific heat (kJ kg1 K1)
V velocity (m s1)
ish initial specific humidity
fsh final specific humidity
E&C evaporated and condensed
ω specific humidity (gr water/kg dry air)
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A heat pump dryer that was designed and experimentally analyzed to dry poplar and pine timber is shown in Fig. 1.
Dryer makes use of the condenser (8) of the heat pump as an energy resource. As the temperature of the drying air
temperature increases, heat extraction by the condenser (8) gets harder; therefore, an assistant condenser was placed
outside (18 and 19). Drying air temperature was proportionally controlled with the resistance thermometer (Pt-100) and a
process control equipment at 39–41 1C.
When the temperature suitable for drying was achieved, it stopped the fan of the process control equipment compressor
and the assistant condenser. The energy input from the condenser (8) to the drying air was extracted from the water in the
evaporator of the water pump system (14) which was placed in the depot (23). Heat pump system with this heat balance
form was referred as an “air–water heat pump” system. Also, a low temperature thermostat was placed in the depot. When
the heat being extracted from the water through the evaporator of the heat pump system achieved a particular level, the
thermostat operated the pump (13), and passed the depot water at low temperature through the heat exchangers within the
central. Heat pump dryer mixed the drying air and the ambient air with a low, relative and specific moisture as it received
some fresh air with the damper (11). Therefore, the specific and relative humidity of the hot and wet drying air decreased.
The decrease in temperature was at a compensatory level in the condenser (8). Air at the amount of the air inlet from the
condenser opening was let out from the mixed air through the damper (5). Air velocity of the air blown from the circulation
fan of the dryer was decreased in the drying chamber. Therefore, axial fan was placed in the drying cabinet so as to achieve
the desired air velocity on the timber stack. The dryer was composed of four main parts and three cycles: drying chamber;
heat pump system; sensor connections; ducts and connection pipes. The cycles were consisted of refrigerating fluid, air and
water cycles. Authors of the previous papers [10,11] can be available for the details of this experimental systems.Fig. 1. Schematic diagram of the experimental setup. (1) Axial fan. (2) Timber stack. (3) Load cell. (4) Thermocouple (RH-T). (5) Exhaust air (Damper).
(6) Thermocouple (RH-T). (7) Thermocouple (RH-T). (8) Condenser. (9) Circulation fan. (10) Heat exchanger (cold surface). (11) Fresh air inlet (Damper).
(12) Condensed water. (13) Circulation pump. (14) Evaporator. (15) Thermocouple (T). (16) Capillary tube. (17) Dryer filter. (18) Axial fan of assistant condenser. (19)
Assistant condenser. (20) Oil separation. (21) Compressor. (22) Accumulator. (23) Water depot PCI 1716: Control card, PCLD 3968: Sensor Border, PC: computer.
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The drying chamber is symbolized in Fig. 2 according to energy and mass balance analyses.
Conservation of mass for dry air
∑ _mi ¼∑ _mo ð1Þ
Conservation of mass for water vapor carried by air
∑ð _mwiþ _mewÞ ¼∑ _mwo ð2Þ
Eq. (2) can be expressed as follows:
∑ð _mi Uωiþ _mewÞ ¼∑ _mo Uωo ð3Þ
Conservation of energy can be written as follows [2,12]:
_QDC _W ¼∑ _mo U hohiþ
V2oV2i
2
 !
ð4Þ
4. Psychrometric analyses
Symbolic figure of energy and mass equations for the entire system is shown in Fig. 3. The psychometric analyses of Fig. 3
are shown in Figs. 4 and 5. The psychrometric analysis of the system, which has no condensation as water from the cold
surface, is shown in Fig. 4. Condensation was made in cold surface while drying poplar and it is shown in Fig. 5.
In each case, the mass and energy equations used in the system are listed below.
Mass balance of dry air
∑ð _m1þ _m8Þ ¼∑ð _m20 þ _m3Þ ð5Þ
The following variables were considered equivalent to one another and used for energy and mass analyses:
_m6 ¼ _m5 ¼ _m4
_m3 ¼ _m8
ω5 ¼ ω6 ¼ ω1Fig. 2. Energy balance of drying chamber.
Fig. 3. Schematic diagram of the experimental setup for the psychrometric analyses. (1) Inlet air of drying chamber, (2) 2-2'. Outlet air of drying chamber,
(3) Ambiant air inlet, (4) Mixed air, (5) Outlet air of heat exchanger (cold surface), (6) Outlet air from fan, (7) Inlet air of condenser, (8) Exhaust air of system
and (9) Condensed water.
Fig. 4. The variation of psychometric analyses in the system which has no dehumidification in the cooler surface. (1) Drying air, Condenser outlet, Drying
chamber inlet air, (2') Drying chamber outlet air, (3) Ambient air, (4) Mixed air and (8) Exhaust air.
Fig. 5. The variation of psychrometric analyses in the system making dehumidification in the cooler surface. (1) Drying air, Condenser outlet, Drying
chamber inlet air, (2') Drying chamber outlet air, (3) Ambient air, (4) Mixed air, (5) Cooling outlet air and (8) Exhaust air.
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5¼ 6
6¼ 7 but _m6a _m7:The equations are listed below for the case of no condensation
The evaporated water from the timber can be calculated as follows:_EW ¼ ðωishωfshÞ _mihdt ð6Þ
The conservation of mass for water vapor carried by air2’1_m1ω1 ¼ _m20ω20 þ _m3ω3 _m8ω8 IL ð7Þ
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The water quantity of mixed air ð _m4Þ2′3-4_m4ω4 ¼ _m20ω20 þ _m3ω3 ð9Þ
The specific humidity of mixed air ðω4Þ2′3-4ω4 ¼
_m20ω20 þ _m3ω3
_m20 þ _m3
ð10Þ
was calculated using the equations.
The equations are listed below for the case of condensation on the cold surface.
The conservation of mass for water vapor carried by air2′1_m1ω1 ¼ _m20ω20 þ _m3ω3 _m4ðω4ω5Þ _m8ω6 IL ð11Þ
The exhaust water with humid air and condensed water from the systems2’1ExE&C ¼ _m20ω20 þ _m3ω3 _m1ω1þ _m4ðω4ω5Þ ð12Þ
The conservation of mass for cooling surface4-5_m4ω4 ¼ _m5ω5þ _m4ðω4ω5Þ ð13Þ
The conservation of energy for cooling surface4-5_Q4;5 ¼ _m4CpðT4T5Þ ð14Þ
_Q4;5 ¼ _m4ðh4h5Þ _m4ðω4ω5Þh9 ð15Þ
The amount of sensible heat taken from the air can be calculated from Eqs. (14) and (15).
The determination of fan outlet condition5-6h6 ¼
_Wf
_m6
 V
2
6
2 1000
 !" #
þh5 ð16Þ
The conservation of energy for the condenser of heat pump system7-1_QDC ¼ _m1ðh1h7Þ ð17Þ
or
_QDC ¼ _m1CpðT1T7Þ ð18Þ
was calculated using the equations [13,14].
Fig. 7. Pine and poplar weight versus drying time.
Table 1
The weight change of pine and poplar timbers.
Initial
weight (kg)
Final
weight
(kg)
Load cell weight
change (kg)
Calculated weight
change (kg)
Initial specific
humidity (%)
Final specific
humidity (%)
Infiltration
loss (kg)
Condensed
water (kg)
Poplar 26.7 14.205 12.495 11.54 29.00 10.29 0.350 0.6
Pine 22.00 16.235 5.765 5.33 19.84 7.68 0.435 –
Fig. 6. Relative humidity and specific humidity versus drying time for pine drying.
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During the pine timber drying experiment, weather conditions of the exhaust air from the drying chamber were 41 1C
temperature with a 40% relative humidity and 19.84 g/kg specific humidity at the beginning of the drying. The conditions
were observed as 42 1C temperature with a 15% relative humidity and 7.68 g/kg specific humidity at the end of the pine
timber drying experiment. The moisture content removed from 1 kg air was found to be 12.1 g/kg. The change of relative
humidity and specific humidity versus drying time during pine timber drying is given in Fig. 6.
The exhaust air and density through the heat pump dryer with the help of the manual damper (number 5) were found to
be 1.15 kg/m3 and 8.77 kg/h respectively. Dryer running time for the pine timber experiment lasted for 50 h.
The weight of 22 kg stacked pine timber in the heat pump dryer chamber decreased to 16.23 kg after the 50 h drying
time. Pine and poplar timbers weight change is shown in Fig. 7 and Table 1.
Total change in the weight of pine timber was viewed as 5.77 kg by load cell. Moisture content in the air or the one taken
from the heat pump dryer were compared with the evaporated moisture from the pine timber. During the pine timber
drying process, the condensation of moisture on the cool surface was not performed. Total evaporated moisture of the
timber was calculated as 5.33 kg with Eq. (6). The difference caused by infiltration loss in the dryer is shown in Table 1.
Hereby, moisture from air or the one taken from the heat pump dryer could be accepted as the evaporated moisture from
the timbers. This equation can be valid unless moisture condensation is made at streamer of cooling and condensation.
Fig. 8. Relative humidity and specific humidity versus drying time for poplar drying.
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change in poplar timber calculated as 12.5 kg (26.714.2) is shown in Fig. 7.
At the beginning of the poplar timber drying experiment, weather conditions of the exhaust air from the drying chamber
were 40 1C with a 61% relative humidity and 29.0 g/kg specific humidity. The conditions were observed as 42 1C with a 20%
relative humidity and 10.29 g/kg specific humidity at the end of the poplar timber drying. Relative humidity and specific
humidity changes are shown in Fig. 8. Moisture from heat pump dryer or evaporated moisture taken from the timber was
calculated with Eqs. (6) and (12)as 12.14 kg.
Moisture condensing was made during the drying of the poplar timber on the cool surface. During this process, 0.6 kg
water and moisture condensation were condensed on the coil surface. The small difference was caused by the infiltration
loss that was the same as the one in the pine timber drying experiment.
6. Conclusion
At the end of the empirical study, it is likely to get the following outcomes: If it takes longer drying time, moisture condensation can be made at the cold surface.
Because water in the tank circulated by pump Fig. 1, number (13) in the heat exchanger at 5 1C. Specific humidity for the psychrometric analysis is a very significant factor.
 Measuring the mass change using load cell is of importance to make a comparison after a psychrometric analysis as long
as there is a difference between the specific humidity of the inlet and outlet air in a drying cabin.
 For the continuation of the drying process, what is important is not the relative humidity of the inlet and outlet air but
the change in specific humidity.
 The designed improvement of the central air conditioner can also be used at comfort conditioner to get the heating and
humidity apart from drying. It can take the fresh air necessary for the living outside in a damper controlled way.
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